We investigated the effects of a change from a high-fat diet to a low-fat diet of differing fatty acid (FA) composition on the body composition and blubber FA of five captive juvenile harp seals. Seals that had been maintained for 1 yr on a diet of Atlantic herring (≥9% fat) were switched to a diet of Atlantic pollock (1.7% fat) for 30 d. On days 0, 14, and 30, mass and body composition (using isotope dilution) were measured, and blubber biopsies (5 mm) were taken for FA analysis. cm # 6 Fat accounted for 38%-49% of body mass at the start of the experiment. When switched to the pollock diet, and despite food intakes averaging 6.5 kg/d (32.3 MJ/d), body fat declined by an average of 6.4 kg or by 32% over the 30-d experiment. In contrast, body protein increased in direct relation to protein intake ( , ). Despite substantial loss of body 2 r = 0.836 P = 0.030 fat, blubber FA signature changed significantly to reflect the changes in dietary intake of FA, and the deposition of FA was quantifiably predictable. Our results suggest that young growing phocids are unable to maintain body fat stores on low-fat diets even when protein intakes are high. This may have significant implications for juvenile pinniped survival in the wild. In addition, turnover and deposition of dietary FA in blubber takes place in nonfattening seals.
Introduction
Pinnipeds (seals, sea lions, and fur seals) are top predators in marine ecosystems and, as such, may have significant effects * To whom correspondence should be addressed; e-mail: siverson@is.dal.ca. on or be affected by prey populations (Bowen 1997) . The diets of pinnipeds may serve as an indicator of relative abundance and distribution of prey species (see, e.g., Sinclair et al. 1994) . Also, there has been considerable interest in understanding the diets of free-ranging pinnipeds and the effects of variation in prey abundance and prey quality on pinniped population dynamics (see, e.g., Alaska Sea Grant College Program 1993; NRC 1996) .
Physiological and Biochemical Zoology
Traditional methods of diet analysis include recovery of prey hard parts from stomach contents and fecal samples. Although these methods provide important information about the diets of pinnipeds, they involve biases that are in some cases well understood yet often unavoidable. For instance, prey species that lack hard parts or whose hard parts are easily digested may be underestimated (Jobling 1987; Dellinger and Trillmich 1988; Pierce et al. 1991; Bowen and Harrison 1994) . In contrast, accumulation in the stomach of hard parts such as squid beaks may overestimate the importance of these prey in the diet (Bigg and Fawcett 1985) . Finally, and perhaps most important, only the last meal consumed, and usually only that consumed near haul-out locations and breeding sites, can be studied using these methods, and thus diets from other parts of the species' foraging range may be missed.
The limitations of these traditional methods have led to the development of other methods, including serology, stable isotopes of C and N, and fatty acid signatures, for understanding the diet of free-ranging pinnipeds (Pierce et al. 1990; Rau et al. 1992; Iverson 1993) . Fatty acids are the predominant constituent of most lipids. A relatively limited number of fatty acids are able to be biosynthesized by animals (Cook 1985) , and during fattening, those of carbon chain length of 14 or greater can be deposited in animal tissue directly as consumed in diet. In marine ecosystems, fatty acids are remarkably complex and diverse, often arising from specific taxa or habitats. Fatty acid analysis integrates dietary intake over periods of weeks or months and thus can provide information on more than just the last meal. Also, because the use of fatty acids does not depend on the recovery of hard parts, all major components of the diet could in principle be identified.
Milk and blubber fatty acids in free-ranging pinnipeds have been used as indicators of or changes in diet (Iverson 1993; Iverson et al. 1997a Iverson et al. , 1997b Smith et al. 1997) . However, to use fatty acids with confidence and, eventually, in a quantitative manner, it is important to understand the direct effects of diet on fatty acid composition and turnover in predator lipid stores and to assess the relative effects of intake level (e.g., degree of fattening) on these patterns. Unfortunately, controlled experiments are expensive, time consuming, and logistically difficult to carry out. To date, studies have demonstrated the direct influence of diet on the fatty acid composition of planktivorous and piscivorous fish (Yu et al. 1977; Sargent 1989; Dos Santos et al. 1993; Kirsch et al. 1998) . Similarly, the influence of fish fatty acids in the diet has been demonstrated in various tissues of commercially important fur-bearing carnivores, including mink (Mustela vison), silver fox (Vulpes vulpes), arctic fox (Alopex lagopus), polecats (Mustela putorius), and raccoon dogs (Nyctereutes procyonoides; Rouvinen and Kiiskinen 1989; Rouvinen 1992; Rouvinen et al. 1992; Pond et al. 1995) .
In pinnipeds, the predominant site of fatty acid storage and release is the superficial layer of adipose tissue known as blubber. The mass and depth of this tissue is most notably altered during periods of fasting or fattening, and hence, it is the tissue most strongly influenced by diet (see, e.g., Iverson et al. 1995) . It is evident that during rapid fattening on a high-fat diet, the blubber fatty acid composition of seals may mirror that of diet (Iverson et al. 1995) . However, the effects of a low-fat diet and little or no net fat deposition on blubber fatty acid composition are not known. In this study, we investigated the effects of a change from a high-fat diet to a low-fat diet on the body composition and blubber fatty acid patterns of captive juvenile harp seals (Phoca groenlandica). Our objectives were to determine whether the fatty acid composition of harp seal blubber changed when diet was changed and, if changes in blubber did occur, if these reflected the relative differences in diet. Our other aim was to determine the extent to which changes in blubber fatty acid composition were dependent on mass gain and fattening.
Material and Methods

Animal Maintenance and Sampling
Five juvenile harp seals (four females aged 1-3 yr, one male aged 1 yr) were housed in an outdoor seawater pool for approximately 1 yr on a diet of Atlantic herring (Clupea hargenus). Before the beginning of the diet trial (April 13, 1994; day 0), seals were fasted overnight. On day 0, each seal was caught, restrained by a net, and weighed to the nearest 0.5 kg on a 100-kg Salter scale. Total body water and food intake were measured by isotope dilution (see, e.g., Speakman 1997) . A precisely weighed quantity (at 1 g/kg body mass) of deuterium oxide (D 2 O, 99.8 atom%, Sigma Aldrich) was administered to each seal from a 60-cm 3 syringe by gastric intubation using a 12 French stomach tube. The syringe and stomach tube were rinsed with two 5-cm 3 aliquots of distilled water, and air was blown through the tube as it was withdrawn to ensure complete isotope delivery. A blubber biopsy was then taken from the posterior flank of the animal. To do this, an area was first shaved and cleaned, and a local anesthetic was given. A small incision (≤1 cm) in the skin was made with a scalpel, through which a sterile 6-mm biopsy punch was inserted. A core was taken through the full depth of the blubber layer (about 5 cm), excluding the skin, and the incision was cleaned and sutured. Seals did not have access to water or food for 3 h to allow the isotope to equilibrate. Blood samples (12 mL) were taken from the hind flipper at approximately 2.5 and 3 h after isotope administration to determine equilibration concentration.
After the final blood sampling, animals were returned to the pool and fed a diet consisting solely of the same lot of Atlantic pollock (Pollachius virens) for 30 d. The seals were fed, ad lib., twice daily during the week and once daily on the weekends. Seals were also given vitamin (thiamin, B/C complex, and vitamin E) and salt supplements. Because of the large size of the pollock, the heads were removed and the remainder cut into 2-in-thick pieces (cut dorsal-ventrally and containing all parts of the fish, including organs, muscle, and fat) for feeding. Seals were fed by throwing pieces of fish around the tank, as much as possible to each individual, such that each seal generally received all parts of the pollock minus the head (i.e., all organs as well as muscle and fat tissue). Seals were fed until they lost interest in the food. Although all seals were fed in the same tank, we attempted to visually estimate the amount that each individual consumed based on the known total mass of pollock pieces fed at each feeding and the estimated number of pieces that each seal consumed. These visual estimates were used only to compare with the food consumption rates measured by isotope dilution. Throughout the 30-d experiment, 24 whole pollock were randomly sampled and stored in plastic bags at Ϫ20ЊC until they could be processed for proximate and fatty acid composition. Unfortunately, samples of the Atlantic herring fed to the harp seals during the year before our experiment were not available for analysis. However, as we knew these herring were caught on the Scotian Shelf, we collected other samples of Scotian Shelf Atlantic herring ( ) from trawl n = 17 surveys to use as an estimate of the original diet composition and to compare with the pollock diet. These were stored in the same manner as described for pollock.
Each seal was weighed weekly. On days 14 and 30 of the experiment, all of the above procedures were repeated: animals were fasted overnight, an initial bleed was taken to measure residual isotope, another dose of isotope was administered and allowed to equilibrate for the measurement of body composition, a blubber biopsy was taken, and equilibration blood samples were taken at 2.5 and 3 h.
The blubber biopsies were chilled (30 min) in tinfoil until returning to the lab. They were then weighed and transferred to glass tubes (with Teflon-lined caps) containing 2 mL of chloroform with 0.005% 2,6-di-tert-butyl-4-methyl-phenol (BHT) and stored frozen (Ϫ20ЊC) until lipid extractions were performed. After collection, blood samples were centrifuged, and the serum was stored frozen (Ϫ20ЊC) in cryovials until analysis.
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Laboratory Procedures
Lipid was extracted from the harp seal blubber samples using a modification of the method of Folch et al. (1957) . Fatty acid methyl esters were prepared from the lipid extracts using 8% boron trifluoride in methanol as described previously and tested against 0.5 N H 2 SO 4 in methanol (Iverson et al. 1997b; Kirsch et al. 1998 ). After we recorded length and weight, each whole pollock ( ), minus the head (i.e., precisely as fed to the n = 24 seals), and whole herring were individually ground and analyzed in duplicate for dry matter (by forced convection drying to constant mass), protein (by Kjeldahl method), fat (using a quantitative Folch extraction), and fatty acid composition (below).
Duplicate analyses of fatty acid methyl esters were performed using temperature-programmed gas liquid chromatography, according to Iverson (1988) and , on a Perkin Elmer Autosystem II Capillary FID gas chromatograph fitted with a 30 mm i.d. column coated with 50% cyanom # 0.25 propyl polysiloxane (0.25-m film thickness; J&W DB-23; Folsom, Calif.) and linked to a computerized integration system (Turbochrom 4 software, PE Nelson) . Identifications of fatty acids and isomers and response factors were determined as described previously (Iverson et al. 1997b) . Fatty acids are expressed as mass percent of total fatty acids and are designated by shorthand IUPAC (International Union of Pure and Applied Chemistry) nomenclature of carbon chain length:number of double bonds and location (n-x) of the double bond nearest the terminal methyl group.
Total free water was collected from the blood serum by heat distillation . The concentration of D 2 O was determined by quantitative infrared spectrophotometry on a Perkin-Elmer 283B infrared spectrophotometer as described by .
Isotope Calculations
Isotope equilibration was considered to have occurred if the isotope levels of the two sequential blood samples were within 0.01 percentage points of each other. According to this criterion all animals at each administration day were considered to have equilibrated by 2.5 h. Isotope dilution space on days 0, 14, and 30 was calculated as described by Iverson et al. (1993) . Dilution space at each sampling time was converted to total body water (TBW, kg) using the equation (approximately 3% correction) developed by Bowen and Iverson (1998) .
Body composition was calculated from total body mass (BM) and TBW using regression equations derived for harp seals (Gales et al. 1994) . Thus, lean body mass (LBM), total body protein (TBP), and total body fat (TBF) were calculated using the following equations:
Total water intake (TWI; kg/d) and food intake (FI; kg/d) over the periods of 0-14 and 14-30 d were calculated for each animal according to procedures of . Serum isotope concentrations at days 14 and 30 were corrected for changes in TBW from time 0 according to Iverson et al. (1993) . The fractional turnover rate (k) of isotope was then calculated from the semi-log (ln) linear decline in isotope over time. TWI was then determined as the sum of total water loss ( ) and total water gain or loss over the time k # average TBW period (change in TBW). TWI was then converted to FI using the equation
where F D and P D represent daily fat and protein deposition (kg/ d), respectively, of individual seals during each time period, and %W P , %F P , and %P P represent the water, fat, and protein content of pollock, respectively. This equation was derived from and modified assuming 85% metabolizable energy of pollock, as has been found for herring fed to grey seals (Halichoerus grypus) and harp seals Ronald et al. 1984; Worthy 1990) . FI was converted to energy intake using the factors of 39.3 MJ/kg fat and 23.6 MJ/kg protein (Schmidt-Nielson 1979).
Statistical Analyses
Data were analyzed using a combination of regression, univariate, and multivariate analysis of variance (ANOVA and MANOVA) models. In graphs of food intakes versus mass and body nutrient changes, although data points for the two time periods (0-14 and 14-30 d) are presented, regression analyses were performed on only the average for each individual over the full 30-d feeding trial (i.e., ) to avoid problems of n = 5 serial correlation. Because of constraints of sample size, a subset of 14 fatty acids (arcsine transformed) were used in ANOVAs and MANOVAs. The 14 fatty acids were a combination of the most abundant components and those that tend to be good indicators of diet (see, e.g., Iverson 1993) . Fatty acid data were also analyzed using classification and regression trees (CART) in S-Plus, as described in Iverson et al. (1997a) and Smith et al. (1997) , because CART allows the use of all fatty acids without requiring a subjective or restricted selection of variables for analysis. All data are presented as unless otherwise mean ‫ע‬ SE indicated. 
Results
Harp Seal Diet and Body Composition
Before the start of our experiment, the five harp seals had been maintained on a diet consisting solely of Atlantic herring (approximately 9% fat). The seals were then switched to a diet consisting solely of pollock (length: cm; mass: 46.0 ‫ע‬ 0.52 g), which averaged fat and 685.4 ‫ע‬ 29.52
1.7% ‫ע‬ 0.21% protein ( ). The seals generally took well 18.2% ‫ע‬ 0.15% n = 24 to the new diet, consuming a combined total of about 30 kg/ d of pollock, despite having begun to molt.
At the start of the experiment, the body mass of seals ranged from 19.8 to 61.3 kg. After switching to the pollock diet, the seals as a group tended to maintain their body mass, averaging 41.4 kg at day 0 and 41.4 kg at day 30 (Table 1 ). However, there was variation among individuals in that some gained mass slightly, especially between days 0 and 14, while others lost mass during some intervals (Fig. 1) . Total mass changes over the 30-d experiment for seals 74, 70, 73, 71 , and Sid (in order from initially largest to smallest) were Ϫ9.5, ϩ4.5, Ϫ0.5, ϩ1.5, and ϩ4.0 kg, respectively (Table 1) .
Although body mass changed little during the course of the experiment, body composition changed significantly ( ; P ! 0.01 Table 1 ). On day 0, body mass of seals was composed of 49%-57% LBM, 38%-49% fat, and 14%-16% protein. By day 30, seal body mass was composed of 69%-75% LBM, 25%-31% fat, and 17%-19% protein. Individuals lost an average of 2.3 kg fat (range: Ϫ0.2 to 5.2 kg) during the first 14 d and lost an additional average of 4.2 kg fat (range: 0.1-7.0 kg) during the subsequent 16 d. In contrast to a decline from 42.9% to 28.2% TBF, all animals gained LBM and protein both absolutely and as a percentage of body mass (Table 1) . Individuals gained an average of 1.0 kg (range: 0.6-1.9 kg) and 0.4 kg (range: Ϫ0.6 to 1.0 kg) protein during the first and second periods, respectively. Average TBP increased from 14.8% to 17.9% over the 30 d.
Harp Seal Water Turnover, Food Intake, and Nutrient Deposition
Daily water intake, calculated from fractional water turnover rates, averaged about 5.9 kg/d but ranged widely among individuals from 3.1 to 11.0 kg/d (Table 2 ). Hence measures of food intake among individuals derived from isotope dilution also ranged widely from 3.6 to 12.6 kg pollock per day during the 30-d period. Although it was not possible for us to obtain accurate visual measures of food intake by each individual because of the feeding method, we attempted to estimate meal size during each feeding for comparison. These visual estimates compared well with food intake derived by isotope dilution ( , ). There was no significant difference ber = 0.857 P = 0.002 tween overall food intakes estimated visually ( kg/d) 5.9 ‫ע‬ 0.34 and those measured from isotope dilution ( kg/d, 6.5 ‫ע‬ 0.94 , paired t). With the removal of seal 70, which had P = 0.517 the highest calculated intakes (but also the greatest mass gains), visual estimates and isotope measures of food intake averaged 5.5 and 5.3 kg/d, respectively. However, given their greater reliability, we used only measures of food intake from isotope dilution in further analyses.
Despite average food intakes of 6-7 kg/d, these corresponded to mean fat intakes of only 120 g/d and 102 g/d during the first and second periods, respectively (Table 2 ). There was no direct relationship between levels of food intake (kg/d) and daily mass change ( , , ) . Seals lost 1.3-11.1 2 r = 0.180 P 1 0.4 n = 5 kg fat over the course of the experiment, representing a loss of of initial fat stores. Daily rates of fat deple-31.7% ‫ע‬ 5.49% tion were not related to either daily total food intake or daily fat intake ( ; Fig. 2a, 2b ). In contrast, daily protein intake P 1 0.4 was an order of magnitude higher than fat intake (Table 2) , and almost all seals gained body protein ( kg total). 1.3 ‫ע‬ 0.47 Daily protein deposition was directly related to total daily food and protein intakes ( , ; Fig. 2c, 2d ). Simi- 
Harp Seal Diet and Fatty Acid Composition
Sixty-six fatty acids were identified in all harp seal, herring, and pollock samples. Based on a subset of fatty acids, Scotian Shelf Atlantic herring ( fat, ) differed signifi-9.1% ‫ע‬ 0.89% n = 17 cantly from the experimental pollock diet ( Fig. 4a; , P ! 0.05 MANOVA). Scotian Shelf herring were characterized by high levels of 20:1n-9 and 22:1n-11, whereas the pollock fed to seals contained much lower levels of these components. Pollock was also lower in 14:0 and 20:1n-11 than was herring. Pollock was further characterized by high levels of 18:0, 18:1n-9, and 20:5n-3 and particularly high levels of 20:4n-6 and 22:6n-3 in comparison to herring (Fig. 4a) . These two prey species were also readily separated using classification trees. Using all 66 fatty acids, CART analysis correctly classified all (100%) 41 Daily fat deposition in harp seals as a function of (a) daily food intake and (b) daily fat intake, and daily protein deposition in seals as a function of (c) daily food intake ( ) and (d ) daily protein intake ( ). Food intake and deposition y = Ϫ0.027 ϩ 0.11x y = Ϫ0.027 ϩ 0.06x rates were measured using isotope dilution. Data points represent two time periods of measurement for each individual: 0-14 d (plain symbols) and 14-30 d (symbols with superscript 2); however, regression relationships and lines plotted were determined from one overall average (0-30 d) for each individual (i.e., ). n = 5 herring and pollock using only three fatty acids: 22:1n-7, 18:0, and 16:1n-9.
The fatty acid composition of harp seal blubber at 0, 14, and 30 d is presented in Table 3 . Fatty acid composition of blubber changed significantly during the 30-d period, as illustrated by the same 14 fatty acids used to illustrate differences between the two prey (Fig. 4b) . Changes in levels of most fatty acids occurred gradually, with the greatest changes having occurred by day 30 (Table 3 ; Fig. 4b ). The levels of most major fatty acids that were higher in pollock than in herring (Fig. 4a ) increased in harp seal blubber after the switch to a pollock diet (Fig. 4b) , while those that were lower in pollock than in herring decreased in harp seal blubber. CART analysis using all 66 fatty acids also indicated differences in blubber fatty acid composition of harp seals over the course of the experiment. Although the sample size was small for this analysis, day 0 separated from days 14 and 30 based on a decline in either 22:1n-11 or 20:1n-9; days 14 and 30 tended to be separated further from one another but with two errors.
Given the variation in initial blubber fatty acid composition among seals and in the daily rates of pollock intake and mass deposition, we also examined changes in blubber fatty acids of each individual seal. Four dietary fatty acids illustrate the changes that took place (Fig. 5) . Despite small changes in body mass and significant rates of fat loss in seals over the course of the experiment, the fatty acid composition of the blubber changed in the direction of changes in dietary fatty acid intake. The proportions of the fatty acids 20:1n-9 and 22:1n-11, which are typically high in herring and low in pollock (Fig. 4a) , decreased significantly when seals were switched from herring to a diet of pollock. Conversely, the proportions of the fatty acids 20:4n-6 and 22:6n-3, which are typically relatively low in herring and high in pollock, increased significantly (Fig. 5) .
These changes occurred despite no net deposition of body fat. For example, seal 73 maintained its body mass but lost 2.3 and 5.9 kg of fat during the first and second periods, respectively (Table 1) . Despite this, changes in the proportions of fatty acids reflected changes in dietary intake: proportions of 20:1n-9 and 22:1n-11 decreased in blubber from 13.7% to 9.7% and 11.2% to 4.6%, respectively, while proportions of 20:4n-6 and 22:6n-3 increased in blubber from 0.38% to 0.53% and from 8.4% to 10.7%, respectively (Fig. 5) .
Because one of our aims was to assess how predictable the changes in blubber fatty acids would be with a change in diet, we attempted to model the proportion of dietary fatty acids that might be deposited in blubber. We estimated each seal's expected fatty acid composition at day 30 using its initial quantity (kg) of body fat at day 0, the fatty acid composition of that fat, its total fat intake over the 30-d period measured by isotope dilution (assuming 85% metabolizable energy of pollock), and the fatty acid composition of the pollock consumed. Given that seals were at or below maintenance energy intakes, and hence likely using much of their fat intake directly for energy, we used three scenarios: deposition of 100%, 50%, or 25% of the available dietary fatty acids consumed over the 30-d period. We then compared these estimated levels of deposition with the actual observed fatty acid composition of harp seal blubber measured at 30 d (Fig. 6) . In all three cases, our estimated final blubber fatty acid signature was more similar to the observed final (day 30) signature than to the initial (day 0) signature. Differences between the observed and estimated final signatures were measured using the forward KullbackLiebler distance, which represents a measure of the distance between two distributions of proportions. Based on this statistic, both the 50% and 25% deposition scenarios were significantly closer to the observed final signature than was the 100% deposition estimate ( ). The estimate based on P ! 0.020 25% deposition was the closest to the observed final composition in all seals, but only marginally so over the estimate based on 50% deposition ( ). Final estimates based on !25% P = 0.075 deposition resulted both in larger differences in more components and in greater distance measures. Several individual fatty acids, 16:1n-7 and 18:1n-9, were not well predicted by direct dietary fat intake (Fig. 5 ). These were consistently higher in seal blubber than predicted, although not significantly for 16:1n-7.
Discussion
Potential Sources of Error
Hydrogen isotopes have been widely used to measure TBW in animals, and a number of studies have validated their use in marine mammals (reviewed in Bowen and Iverson 1998) . Providing that the isotope equilibrates with body water, the calculation of TBW can then be used to accurately predict body composition from species-specific equations (Reilly and Fedak 1990; Farley and Robbins 1994; Speakman 1997; Hilderbrand et al. 1998) . As stated previously, equilibration was confirmed at all administrations of D 2 O, and we used the relationship between body composition and TBW derived from chemical analysis of 26 harp seals (ages juvenile and adults) derived by Gales et al. (1994) . Thus, our estimates of body composition and changes in composition should be accurate.
A more significant source of error in our use of isotopes might have arisen in calculations of food intake. Here we assumed that all water intake came from preformed food water or production of metabolic water. Several studies have demonstrated that seals meet all of their water requirements through food water and metabolism and that consumption of sea water is rare or minimal (see, e.g., Depocas et al. 1971; Keiver et al. 1984) . Although direct consumption of water was never observed in our captive animals, if some had occurred this would have caused us to overestimate food consumption. However, estimated total food intake by all seals during the 30-d trial (976 kg) was similar to that known to have been available for feeding (approximately 950 kg); thus the effect of any direct water intake appears to be minimal.
Effects of Low Fat Intake on Body Composition of Harp Seals
Atlantic herring is an energy-dense fish (approximately 7.8 MJ/ kg) usually averaging 8%-10% fat, but fat may reach 21%, or 12 MJ/kg (Hodder et al. 1973) . In general, seals readily fatten on high-fat diets. Thus, although all five harp seals were young, growing animals, they were quite fat (38%-49% fat) at the start of the experiment, having been fed on herring for some time.
Diet Effects on Seal Body Composition and Blubber Fatty Acids 53
Figure 4. Selected fatty acids in (top) a sample of Scotian shelf herring and the pollock fed to harp seals and (bottom) in harp seal blubber sampled on days 0, 14, and 30 after the start of the pollock diet. Bars are means, and vertical lines are 1 SEM. Pollock differed significantly from herring (MANOVA, ); levels of all fatty acids differed between species except 16:0 and 18:4n-3 ( , ANOVA on arcsin P ! 0.05 P ! 0.05 transformed data). Significant differences in blubber over time were found for 18:1n-9, 18:2n-6, 18:3n-3, 18:4n-3, 20:1n-9, 20:4n-6, 22:1n-11, and 22:6n-3 ( , repeated-measures ANOVA on arcsine-transformed data).
In contrast, when switched to a low-fat (1.7%), high-protein diet containing about 5.0 MJ/kg, seals gained little or lost body mass. More important, they also lost a substantial amount of body fat. Despite food intakes averaging 6.5 kg/d, corresponding to about 27.5 MJ/d of metabolizable energy, body fat declined by an average of 6.4 kg, or by 32%, over the 30-d experiment (Tables 1, 2 ). These results suggest that young, growing phocids are unable to maintain body fat stores on lowfat diets, even when protein intakes are high.
On average, while harp seals lost TBF, they gained TBW and LBM (Table 1) . The rates of LBM and protein deposition (kg/ d) were directly proportional to protein intake (e.g., Fig. 2d ). In young elephant seals (Mirounga angustirostris), when total food intake was less than that of their metabolic requirements, seals maintained their weight and stored protein despite losses of adipose tissue (Condit and Ortiz 1987) . Although these patterns of deposition and loss appear comparable to those of the harp seals in our study, the cause could not be attributed to /d. These rates are approximately 2.5 times those previously reported as maintenance requirements for captive juvenile harp and grey seals fed herring Ronald et al. 1984) . However, Keiver et al. (1984) found that when harp seals were fed relatively low-fat herring (4.2% fat), they had greater fecal energy losses and were less efficient at assimilating energy than when fed diets of higher-fat herring (9.5% and 18.4% fat). As a consequence, they consumed more low-fat food (6%-13% body mass/d) than higher-fat food (2.5%-3.5% of body mass). When fed shrimp, seals were even less efficient at assimilating energy but did not necessarily consume more food to meet energy requirements .
In our study, the diet was even lower in fat than that fed by Keiver et al. (1984) , suggesting that the harp seals may have been even less efficient at assimilating the gross energy consumed. This was apparently the case because intakes corresponded to about 15% of body mass per day. Thus, it appears that on a low-fat, high-protein diet, young harp seals may experience a reduction in the rate of energy assimilation. They deposit body protein but are unable to maintain body fat stores. These results suggest that young, growing phocids faced with access to only a low-fat, high-protein diet might have difficulty in storing lipids and therefore could be more vulnerable to periods of food shortages. However, the ecological implications of these results are difficult to evaluate, as it is unlikely that pinnipeds in the wild would consume only one type of prey.
Effects of Diet on Blubber Fatty Acid Composition of Harp Seals
Lipids have been used as biological markers and indicators of diet in a number of studies on fish and copepods and in terrestrial, aquatic, and marine carnivores (Lee et al. 1971; Sargent et al. 1988; Fraser et al. 1989; Klungsoyr et al. 1989; Graeve et al. 1994; Pond et al. 1995; Smith et al. 1996; St. John and Lund 1996; Iverson et al. 1997a Iverson et al. , 1997b Kirsch et al. 1998) . Iverson et al. (1995) also demonstrated the direct and quantitative incorporation of dietary fatty acids into blubber of suckling hooded seal (Cystophora cristata) pups, the composition of which subsequently looked almost identical to that of the milk consumed. However, controlled studies of animals consuming fish prey are required to understand the processes of dietary fatty acid incorporation into pinniped fat stores. Our experiment shows that a change in dietary fatty acid intake resulted in a significant change in fatty acid signatures in harp seal blubber (Figs. 4, 5) . But in assessing changes in fatty acids, some of the underlying biochemistry must be considered. For instance, 16:0, 16:1n-7, 18:0, and 18:1n-9 can be produced by mammalian fatty acid synthetase and thus could be synthesized by the seal in addition to that consumed in the diet. In contrast, other abundant fatty acids (e.g., Figs. 4-6) arise almost entirely from diet (Cook 1985; Nelson 1992) since fatty acids with double bonds in the n-6 and n-3 position cannot be synthesized by mammals. In addition, large amounts of 20:1n-9 and 22:1n-11 are known to arise from marine copepods, to be transferred to planktivores such as herring, and on to marine mammals (Iverson 1993) . In fact, it was in most of these "indicator" fatty acids that changes were most apparent with changes in diet. Changes in the levels of these fatty acids in blubber corresponded to the increases or decreases in their intakes with increases in diet.
Although we could not directly compare the initial blubber fatty acid composition of our harp seals with that of their previous herring diet because samples of this were unavailable, fatty acids that are typically high in herring and were low in pollock decreased in the blubber of harp seals feeding on pollock, whereas fatty acids that are low in herring and high in pollock increased (Fig. 4a, 4b ). These changes, reflecting dietary changes, occurred despite the fact that there was no net deposition of fat, and in fact, all animals lost fat.
If a seal is rapidly fattening on a high-fat diet, it is expected that a substantial amount of the fatty acids ingested above metabolic requirements will be deposited in blubber (see, e.g., Iverson et al. 1995) . It is less clear to what extent deposition of dietary fatty acids would occur during periods of fat maintenance or loss. Presumably the animal would require all of the ingested fat for energy and metabolic requirements; however, it is not likely that simple. At each feeding, an animal consumes more than is required for immediate needs; hence, excess energy will be deposited in fat stores. Several hours later, in between meals, fat stores will be mobilized for metabolism. This process of deposition followed by mobilization will be repeated at each subsequent feeding and nonfeeding interval. This pattern of catabolism may in part explain our findings that some turnover and net deposition of fatty acids take place regardless of whether the animal is fattening or not.
We used the initial blubber composition of harp seals to create a simple model of the changes in fatty acid composition expected on the new diet. As a first estimate of the proportion of dietary fatty acids deposited in blubber, our calculations of the maximum extent to which blubber could change were indeed very close to what was observed (Fig. 6 ). Our current model is limited in that it does not account for the physiological time scales of nutrient utilization discussed above. Nevertheless, the calculations provide a quantitative context in which to view fatty acid deposition or turnover. On average, seals started out with about 18 kg of body fat, mostly in the blubber layer. Seals fed below maintenance requirements hence catabolized dietary fat as well as body fat. In 30 d, seals consumed a total of only about 3 kg fat and lost about 6 kg body fat. Thus, blubber signatures could not have changed more substantially than what Figure 6 . Initial (day 0) versus final (day 30) proportion of selected fatty acids in harp seal blubber in comparison to estimates of final proportions of these fatty acids deposited over the 30-d experiment. Estimated final amounts are based on scenarios of 100%, 50%, and 25% of available fatty acids (assuming 85% metabolizable energy) consumed by each seal being deposited in blubber. For these calculations we used total kilograms of body fat of each seal at day 0, fatty acid composition of that fat, total fat intake of each seal calculated from isotope dilution, fatty acid composition of pollock consumed, and the three rates of deposition. Based on forward Kullback-Liebler distance measures, the 50% or 25% scenarios corresponded most closely to the actual final composition (see text). Levels of individual fatty acids differed between observed final and estimated final for four components at 100% (18:0, 18:1n-9, 18:4n-3, and 22:6n-3) , for three components at 50% (18:0, 18:1n-9, and 18:4n-3), and for one component at 25% (18:4n-3; , paired t-tests was observed. At various assumptions of 100%, 50%, and 25% of ingested fatty acids being available for deposition, in all cases, our estimated final blubber fatty acid signature was more similar to the observed final signature than to the initial signature, especially in the indicator fatty acids.
Although blubber fatty acids of harp seals changed to reflect the change in diet, they did not match that of diet. It is likely that blubber fatty acids would more strongly reflect dietary fatty acid signatures with a longer period on the diet or with higher daily intakes of fat. Nevertheless, it remains unlikely that blubber would ever exactly match diet signatures, especially on a low-fat, high-protein diet, because of some differential utilization of fatty acids or the synthesis of specific fatty acids. Although preformed dietary fatty acids are unlikely to enter typical lipid synthetic pathways (Nelson 1992) , carbohydrates or amino acids consumed in excess of either metabolic or growth requirements are used to synthesize fatty acids in the liver, which are then deposited in blubber and other adipose tissue. The relative levels in blubber of these fatty acids, predominantly 16:0 and 18:0 (the products of mammalian fatty acid synthetase) and their unsaturates, 16:1n-7 and 18:1n-9, may consequently be largely independent of diet. Indeed, any 18:0 synthesized de novo is largely converted to 18:1n-9 (although this is not true for 18:0 consumed in the diet, Nelson 1992) . This may also be the case for production of 16:1n-7 from biosynthesized 16:0 and the same common desaturase (the D9 desaturase). Given the large excess of protein consumed by harp seals in the present experiment, this would likely explain the consistently higher levels of 16:1n-7 and 18: 1n-9 than would be predicted by dietary fatty acids alone (Fig.  6 ). In contrast, on high-fat diets, when adequate or excess energy is consumed, fatty acid synthesis is greatly reduced or absent, and dietary fatty acids tend to be stored directly in adipose tissue (Nelson 1992; Iverson et al. 1995) . These types of differences in the metabolism of specific fatty acids can be taken into account when quantitatively modeling diets using blubber fatty acids (S. J. Iverson, C. Field, W. D. Bowen, and W. Blanchard, unpublished data) . Additional studies are needed to better understand the turnover and deposition of fatty acids in the blubber of seals during periods both of maintenance and of rapid fattening. The latter case may be most pertinent to accurately understanding seal diets in the wild through fatty acid signatures, since seals typically go through annual periods of extensive depletion of fat stores during fasting, followed by intensive fattening in the few months before the next breeding season.
